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In the process of continuous and high-intensity mining in soft rock coal mines, high-quality filling treatment is required for the
goaf. A nondestructive acoustic velocimetry method is an excellent way to measure the quality of filling body to effectively
maintain the rock stability of the mining area and decrease industrial solid waste. In this study, the gangue and fine sand are used
as the filling aggregates, and the uniaxial compression test and acoustic wave test are conducted in the cementitious gangue-sand
filling body with different gangue-sand ratio. The results show that the longitudinal wave velocity of the filling body is basically
between 1.556 km/s and 2.413 km/s. When the gangue-sand ratio is small, and the slurry concentration is high, the early strength
of the cementitious gangue-sand filling body is low, but the later strength has a good growth trend. For specimens with higher
strength-filled bodies, the propagation speed of sound waves inside them is also faster, indicating a certain positive correlation
between the strength of the filled body and the speed of sound waves. A mathematical equation using longitudinal wave velocity to
predict the strength of filling body is established. This equation can be used to predict and judge the quality of the filling body in

the mining area.

1. Introduction

For some coal veins overlaid unique stratigraphic structures,
the mining conditions are technically tricky due to the
complexity and variability of the strata. For example, in the
sharply inclined coal seams mining stage, the overburden
displacement characteristics encountered are hypothesized
and calculated by combining the long-walled comprehensive
mining workings in medium-thick coal seams, and the
overburden transport law obtained is in good agreement
with the field conditions [1-3]. In the coal seam damage
process in coal mining working face under significant
mining height conditions, the researchers analyzed the force
characteristics of large coal walls based on field observation
and theoretical research. They proposed feasible control
measures for reducing coal wall destabilization damage
[4, 5]. In the various stages of coal mining in the plains and
mountains of different scales, many empty areas are

produced because coal is continuously mined out, and the
mechanical function of the surrounding rock body will
gradually deteriorate with time. The stress on the rock layer
will be redistributed with coal mining. During development
of a particular stage, the rock body will be sharply displaced
towards the mining area, and then the surrounding rock will
collapse and cause the surface collapse, which often disturbs
the average production of coal enterprises and brings a series
of safety and social problems, so some researchers have
carried out analysis for the surface collapse problem, using
synthetic aperture radar to observe the surface collapse,
summarize the law and take specific measures, and analyze
the data, which provide an accurate early warning and
judgment decision. [6, 7].

For the ground subsidence caused by coal mining, the
Quang Ninh coal mine in Vietnam used Sentinel-1 radar
observation technology to monitor and predict the gradual
development of subsidence in real-time, and the data
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obtained can be used to guide subsequent disaster pre-
vention and mitigation decisions [8]. In order to cope with
the great danger brought by the collapse of the roof rock in
the mining area, relevant researchers have conducted a lot of
field tests and theoretical analysis. The use of solid waste to
fill the goaf has an excellent effect on the prevention and
control of surface collapse in the maintenance of roof strata.
For the study of the mechanical characteristics of the use of
gangue-filled quarry areas, the researchers analyzed the force
situation of loose gangue under waterlogging conditions
while investigated the effect of different factors on the de-
formation and crushing characteristics of loose gangue
filling materials. The conclusions provide a theoretical basis
for applying loose gangue filling [9]. In recent years, related
research has involved the cementation law of colloidal
gangue-fly ash filler, and the complex interaction between
pressure and thermodynamics is considered comprehen-
sively in mechanical testing. The THMC coupling model
with high applicability is successfully established [10]. In
filling mining to control rock dynamics disaster and sand-
based cemented filler performance optimization, the re-
searchers summarized the laws of surrounding rock
movement in underground and open-pit mining in com-
bination with site conditions. They improved the perfor-
mance index of the filler by optimizing the combination of
filling materials [11-14].

In the area of compaction and homogeneity testing of
porous materials such as engineering rock and concrete,
researchers have explored the correlation between acoustic
properties and strength, density, and other indicators using
the acoustic propagation properties of materials, and the
findings can be used to guide material performance analysis
[15, 16]. Regarding concrete and rock quality inspection
techniques, researchers combine the sound propagation
properties of materials to compare the similarities and
differences between intact and defective materials, thus
making reasonable judgments about material integrity
[17, 18]. Among the methods for integrity testing of various
types of cemented and uncemented fillings, researchers have
used the mechanical characteristics of poor concrete-like ma-
terials to obtain the sound propagation pattern of fillings with
the help of conventional concrete material testing methods
[19-22]. Gangue, as a filling aggregate, has its characteristics.
Through analyzing the gangue filling body pressure process of
acoustic emission performance, researchers explore the tech-
nical ways to mitigate the filling body from damage [23, 24]. Soft
rock mine has low strength of surrounding rocks and poor
overall integrity of local rock masses. In the continuous mining
of soft rock coal mines, high-quality filling treatment is required
for the extraction area. Applying the acoustic velocity mea-
surement method to the nondestructive testing of the quality of
the filling body is an excellent way to effectively maintain the
stability of the rock formation.

In this paper, the acoustic characteristic analysis of
mechanism gangue-sand filling body is performed to seek
relationship between the strength of filling body and pa-
rameters of acoustic velocity to provide a viable technical
basis for filling material performance. The bulk coal gangue
as filling aggregate is applied to the filling management of the
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mining area, which can make the most important solid waste
of coal mining enterprises resource utilization, thus creating
good economic benefits and ecological and environmental
benefits for the enterprise, while minimizing the harm
caused by the solid waste containing harmful elements.

2. Materials and Test Methods

2.1. Mechanism Coal Gangue. The mechanism gangue used
in the test was taken from a coal mine in Pu’an County,
Liupanshui City, Guizhou Province. Using a small jaw
crusher to mechanically crush large pieces of coal gangue,
according to the characteristics of the filling process tech-
nology, the maximum aperture of the discharge screen of the
jaw crusher is 10 mm. The black block gangue is crushed into
0~10 mm. Through the relevant geotechnical performance
tests and principles of calculation, the performance of the
crushed fine-grained gangue is shown in Table 1.

2.2. Fine Sand. In order to facilitate the collection of test
materials, the fine sand is conventional yellow sand for
construction. Its main component is siliceous quartz sand,
whose properties are shown in Table 2.

2.3. Cement. The PO 42.5-grade ordinary silicate cement is
used as the filling cementitious material. The physical per-
formance index is measured; the results are shown in Table 3.

2.4. Water. The mixed water of the filling slurry is tap water
coming from Xiangtan City Water Works. The pH value of
water is 7.13.

3. Preparation of Filling Slurry

The slump test of filling slurry with different mix proportion
was conducted. Based on the slurry flow characteristics, the
appropriate aggregate ash ratio (AA) (gangue and fine sand
to cement mass ratio), filling slurry concentration (SC), and
gangue sand mass ratio (GS) were determined. 3 group tests
of different mix proportions were performed. Every group
has 3 filling slurry concentration, as shown in Table 4.
According to the requirements of coal mine filling
technology, while ensuring pump pressure delivery, it is
necessary to minimize the water consumption of the filling
slurry to reduce the negative impact of water on the un-
derground mining rock mass. In terms of the mechanical
and flow properties of the filling material, considering the
connection between mining and filling during coal mining,
it is necessary to accelerate the progress of the mining and
filling cycle. Therefore, while fully utilizing self-produced
solid waste, it is necessary to improve the early strength of
the filling material and adopt a material formula that is
conducive to improving the fluidity of the filling material
slurry and the early strength of the filling material. The slurry
concentration (SC) of the three groups are, respectively,
86%, 84%, and 82%, and the aggregate ash ratio (AA) is 3.5:
1. The gangue sand ratio (GS) is 3:7, 5:5, and 7: 3. According
to the mix proportion in Table 5, the filling slurry was prepared
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TaBLE 1: Physical properties of mechanism gangue.
Specific eravit Loose bulk Dense bulk Maximum porosity Minimum porosity Angle of
P & Y density (kN-m™) density (kN-m™) (%) (%) repose (°)
2.65 15.848 17.456 41.31 32.78 29.36
TasLE 2: Physical properties of fine sand.
Specific oravit Loose bulk Dense bulk Maximum porosity Minimum porosity Angle of
P & Y density (kN-m™) density (kN-m™) (%) (%) repose (°)
2.51 14.776 16.308 39.68 33.43 30.40
TaBLE 3: Physical properties of P-O 42.5 grade cement.
Specific eravit Loose bulk Dense bulk Maximum porosity Minimum porosity Angle of
P & Y density (kN-m™) density (kN-m™) (%) (%) repose (°)
3.11 9.528 17.271 68.63 43.15 30.40
TaBLE 4: Mix proportion of filling slurry.
Material consumption per unit volume (kg-m>)
Group Test sample SC (%) AA GS .
Coal gangue Fine sand Cement Water
1 86 433.2 1010.9 412.6 302.2
One 2 84 3:7 412.0 961.5 392.4 336.3
3 82 392.0 914.6 373.3 368.7
4 86 727.1 727.1 415.5 304.4
Two 5 84 3.5:1 5:5 691.2 691.2 395.0 3385
6 82 657.4 657.4 375.6 371.0
7 86 1025.0 439.3 418.4 306.5
Three 8 84 7:3 974.3 417.5 397.6 340.8
9 82 926.2 396.9 378.0 373.4
TaBLE 5: Main parameters and indicators adopted in the test.
Sampling . . . . . Low cutoff High cutoft
Item length (K) Trigger way  Attenuation multiplier Sampling frequency Transmit power (us) frequency  frequency
Value 1 Microcomputer 1.00 1 MHz 5 100 Hz 1 MHz
trigger
in the laboratory and then square specimens of (3) The instrument hardware is highly integrated, all

70.7 x 70.7 x 70.7 mm was formed. After the specimens reach
the final set state, they are remolded and placed in the labo-
ratory maintenance box for regular moisture maintenance.

4. Testing and Analysis of Sound
Propagation Performance

4.1. Sonic Test Instrument. Ultrasonic technology has obvious
unique advantages in nondestructive test. In this paper, the used
instrument is a multifunctional acoustic wave tester, as shown in
Figure 1. The main components of the instrument include the
host, transducer, transmission line, and power supply. The
advantages of the instrument are as follows [25, 26].

(1) Developed and researched based on WINDOWS
system, parameter setting, and data acquisition
controlled by computer

(2) Combined with the LABVIEW virtual instrument
development platform, it can meet various needs of
users in different situations

components contained in a unique toolbox, which is
easy to carry and store

(4) The instrument’s software also has various functions,
such as waveform display and spectrum analysis,
providing excellent convenience for subsequent data
processing

In order to accurately measure the longitudinal wave
velocity of the filling body, in this acoustic wave test, the
multifunctional acoustic wave tester was routinely cali-
brated. Specific main parameters were also set according to
the applicable conditions and material properties, as shown
in Table 5.

4.2. Acoustic Test Principle and Test Device. The working
principle of the multifunction acoustic wave tester is that
a high-voltage pulse generator generates a voltage signal,
then digitized by an A/D converter, making it evident
through an amplifier, and finally transmitted to the sampling



FiGure 1: Multifunctional acoustic wave tester.

by the transmitter [27, 28]. The receiver receives the analog
signal in transmission. It is digitized in an A/D converter,
followed by a data collector that amplifies it and automat-
ically collects and stores it in the instrument.

Following the acoustic wave test procedure, the prepa-
ration of the acoustic propagation velocity test of the
cemented filling body was carried out. When using butter as
a coupling agent, it is necessary to prepolish the filling
specimens with rough ends to avoid the negative effects
caused by uneven contact surfaces. During the test, the
butter was added between the transducer and the specimen
to eliminate the air bubbles, so that there is good contact
between the transducer and the specimen. The test result is
thus more accurate [29, 30]. The filling body acoustic field
test is shown in Figure 2.

4.3. Variation Law of Longitudinal Wave Velocity. The
original data of the acoustic wave test of the filling body
obtained in this test are processed on the Origin software
to restore the test waveform. The No. 3 specimen with
a curing age of 5d is taken as an example, as shown in
Figure 3. Use the origin software function to check the
travel time At of the longitudinal wave in the filling body,
and then use equation (1) to calculate the longitudinal
wave velocity V

L

pzA_t. (1)

\%4
The results of the acoustic wave velocity test are shown
in Table 6. It can be seen that the maximum longitudinal
wave velocity of the filled body test is 2.413 km/s and the
minimum is 1.556 km/s. According to further analysis, the
wave velocity change of the filling body during the so-
lidification and hardening process (5d~10d curing age)
was obtained, as shown in Figure 4. It can be seen that the
wave velocity has increased with the curing age for three
groups. With advance of hydration of cement, the water
and air in the specimen are continuously reduced. The
original pores are gradually filled and compacted by the
hydration products and the compactness increases. Thus,
the longitudinal wave velocity of the specimen shows an
increasing trend.
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F1GURE 2: Filled body acoustic field test.
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FIGURE 3: Specimen 5d sonic test waveform (No. 3).

4.4. Analysis of Sound Propagation Performance in Filling
Body

4.4.1. Relationship between Longitudinal Wave Velocity and
Strength. According to the acoustic test of the mechanism
gangue-fine sand filled specimen, there is a certain regularity
between the longitudinal wave velocity and uniaxial com-
pressive strength, as shown in Figure 5. It can be seen that
the uniaxial compressive strength has a positive correlation
with acoustic wave velocity. After using exponential, linear,
logarithmic, and polynomial functions to analyze the data, it
was finally found that a good fitting result could be obtained
by using the four-term function, and the correlation co-
efficient R* reached above 0.98. This shows that it is accurate
and reasonable to predict the uniaxial compressive strength
by using the longitudinal wave velocity of the acoustic wave.
The equation is shown in equation (2), and the parameters
By, B, B;, and B, in the corresponding analytical expressions
have the corresponding optimal values, as shown in Table 7.

Sup = B\Vyp + ByViy + BiVy, + BV, (2)
where S, is the uniaxial compressive strength of the backfill

specimen and V,, is the longitudinal wave velocity. The B,,
B,, B,, and B,, are coeflicients related to the filling body.
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TaBLE 6: Sound wave velocity of filling body specimens in each curing age.

V,/ (km/s)
Curing age (d P
gage () 1 2 3 4 5 6 7 8 9
5 1.795 1.892 1.750 1.944 1.795 1.667 1.892 1.707 1.556
6 1.892 1.944 1.944 2.059 1.892 1.795 2.059 1.842 1.591
7 2.208 2.000 1.818 2.059 1.842 1.750 1.707 1.707 1.591
8 2.258 2.058 1.842 2.187 2.000 1.556 2.121 1.889 1.647
9 2.413 2121 2.058 2.333 2.059 1.892 2.147 2.108 1.707
10 2.413 2.187 2.058 2.500 2.187 1.944 2.180 2.108 1.794
2.7 2.7
24 24+
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FIGURE 4: P-wave velocity of each group of backfill specimens: (a) test samples 1~3, (b) test samples 4~6, and (c) test samples 7~9.
4.4.2. Effects of Slurry Concentration on Longitudinal Wave  Figure 6. For gangue-sand ratio (GS) of 3:7, when the

Velocity. The relationship curve between the longitudinal =~ maintenance age is 5d and 6 d, the slurry concentration (SC)
wave velocity and the slurry concentration (SC) is shown in ~ and the strength of the filling body are not significantly
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FIGURE 5: Relationship between strength and wave velocity: (a) test sample 1, (b) test sample 2, (c) test sample 3, (d) test sample 4, (e) test
sample 5, (f) test sample 6, (g) test sample 7, (h) test sample 8, and (i) test sample 9.

TaBLE 7: Parameter values and correlation coefficients of each curve fitting function.

Test

Group SC (%) AA GS B, B, B, B, R?
sample
1 86 —-123.49 184.51 -89.84 14.58 0.99575
One 2 84 3:7 -93.45 184.84 -113.74 22.65 0.99987
3 82 -605.62 973.87 -519.34 92.12 0.99651
4 86 ~364.07 508.50 -234.85 36.14 0.99377
Two 5 84 3.5:1 5:5 55.15 -93.61 52.81 -9.58 0.98319
6 82 —310.83 548.63 -320.77 62.49 0.98506
7 86 45.89 ~53.98 18.89 -1.37 0.99384
Three 8 84 7:3 2992.21 —4774.94 2531.56 —445.54 0.99942
9 82 277.32 -504.94 306.34 —61.487 0.99825

correlated. The filling body with slurry concentration (SC) of
84% has the highest strength. When the maintenance age
exceeds 6d, the strength of the filling body with the slurry
concentration (SC) increases; the strength of the filling body
prepared at the 86% slurry concentration (SC) is the highest.
It indicates that the early strength of the filling body is low at
a low gangue ratio (GS) and high slurry concentration (SC),
but later it has good growth. When there is sufficient time on
site, a lower gangue ratio (GS) can be used to prepare the
mechanism coal gangue-fine sand backfill material to fill and
treat goaf in mine.

In addition, for 5: 5 or 7: 3 gangue-sand ratio (GS), it can
be seen that almost all acoustic longitudinal wave velocity
increases with the slurry concentration (SC) in each curing
age, which indicates that in the condition of larger gangue-
sand ratio (GS), for the same hydration reaction time, the
strength of filling body increases with the slurry concen-
tration (SC). In the subsequent experimental test, the op-
timal filling material formulation can be sought in the higher
gangue-sand ratio (GS) filling material.

In this test, no measures and means were taken to reduce
and eliminate the relevant effects, so individual discrepancy



Shock and Vibration
2.7 2.7
24 + * 24 +
~ 21¢ ~ 21F
E E
S =
> 18k > 18l
=
1.5+ 1.5+
12 1 1 1 1 1 12 1 1 1 1 1
81 82 83 84 85 86 87 81 82 83 84 85 86 87
SC (%) SC (%)
= 5d A 7d - 9d = 5d A 7d - 9d
-eo— 6d v 8d 10d e 6d v 8d 10d
() (b)
2.7
24 +
> 2.1
‘E’& 0
> 18k ¢
1.5 + -
12 n 1 n 1 1 n 1 n 1 n
81 82 83 84 85 86 87
SC (%)
= 5d A 7d - 9d
-o- 6d v 8d 10d

FIGURE 6: The relationship between the slurry concentration (SC) and the wave speed of the backfill specimen: (a) (GS) 3:7, (b) (GS) 5:5,

and (c) (GS) 7:3.

data appeared in the acoustic test curve of the filled body. In
future studies, the number of test groups can be further
expanded to avoid the analytical bias caused by discrete data
as much as possible.

5. Conclusions

In this study, the filler specimens with different slurry
concentration (82, 84, and 86%) and gangue-sand ratio (GS)
were made. Through the acoustic wave test, the law of
longitudinal wave velocity in the filling body at different
curing ages was analyzed, and the quartic function re-
lationship between the backfill body strength and the lon-
gitudinal wave velocity is established.

Gangue ratio (GS), slurry concentration (SC), and curing
time (t) are all crucial factors that affect the uniaxial com-
pressive strength of mechanism coal gangue-fine sand
backfill. The strength of the backfill increases with the in-
crease of slurry concentration (SC) and curing time (f).
When the sand-cement ratio (B) remains unchanged, under
the same slurry concentration (E) and curing time (f), the
uniaxial compressive strength of the specimen shows
a negative growth trend with the increase of the gangue
ratio (GS).

By comparing the compressive strength of the mecha-
nism gangue-fine sand backfill with its longitudinal wave
velocity data, it is found that the higher the uniaxial com-
pressive strength, the faster the longitudinal wave speed of
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the filling acoustic detection. The wave speed range is ba-
sically between 1.556 km/s and 2.413 km/s in this test. The
quartic function fitting with the correlation coefficient R
above 0.98 was performed on the strength of the machine-
made coal gangue-fine sand backfill and the longitudinal
wave velocity data. The backfill strength can be predicted
through this functional relationship.

The longitudinal wave velocity of the filling body was the
fastest when the slurry concentration (SC) was 84% before
6 d when the gangue-sand ratio (GS) was 3: 7. However, the
longitudinal wave velocity was the fastest when the slurry
concentration (SC) was 86% after 6 d. That is to say, when
the gangue-sand ratio (GS) is small and the slurry con-
centration (SC) is large, the early strength of the prepared
mechanism gangue-fine sand filling body is low, and its later
growth is good. At the same time, it can be seen that the
filling body longitudinal wave velocity increases with the
increase of slurry concentration (SC).

In studying sound propagation characteristics of
concrete-like materials, gangue concrete’s mechanical and
acoustic emission characteristics under uniaxial compres-
sion were analyzed [31]. Due to the special lithology of coal
gangue, it has high porosity and more microscopic cracks,
which lead to its low mechanical properties. Thus the
strength of coal gangue concrete is lower than that of gravel
concrete. Usually, the maximum load-bearing strength of
gangue concrete is 35~40 MPa, which is much higher than
the strength of the mechanism gangue-fine sand filling body,
so in the subsequent study, the relationship between higher
strength filling body and its acoustic wave can be in-
vestigated. At the same time, in the follow-up test, the
gangue can be considered compared to other general filling
material characteristics in the acoustic testing process to seek
the most optimal solution to reduce adverse effects caused by
the lithology of the gangue, porosity, and microscopic
fractures of the filling body.
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